Background: Most developmental programming studies on maternal nutrient reduction (MNR) are in altricial rodents whose maternal nutritional burden and offspring developmental trajectory differ from precocial non-human primates and humans.
| INTRODUCTION
In human epidemiological and animal studies, reduced maternal nutrition alters offspring organ structure and function, leading to Developmental Programming that predisposes offspring to chronic diseases, such as hypertension, obesity, and diabetes. 1 rodent programming studies and data are extensive. [3] [4] [5] Fewer data are available in precocial, monotocous species. The two main precocial species studied are sheep [6] [7] [8] [9] and guinea pigs. [10] [11] [12] There is a need for data from non-human primates to translate to human development.
We have characterized the effects of moderate maternal nutrient reduction (MNR)-and hence fetal nutrient reduction-on fetal growth and development of offspring from birth to 3 years of life. In this baboon (Papio hamadryas) model, control mothers are fed ad libitum, while nutrient reduced mothers are fed 70% of the global diet eaten by controls throughout pregnancy and lactation. We have demonstrated that this moderate degree of MNR leads to intrauterine growth restriction (IUGR) at term. 13 We have also reported altered development of the placenta, [14] [15] [16] fetal kidney, [17] [18] [19] fetal brain, 20, 21 fetal liver, 22, 23 fetal skeletal muscle, 24 and fetal heart. 25 In postnatal life, these IUGR offspring show cognitive and behavioral changes, [26] [27] [28] accelerated aging of the heart, [29] [30] [31] and a pre-diabetic metabolic phenotype 32 when compared to controls. We present here the weights and morphometrics of control and IUGR fetuses over the second half of gestation, at birth, and over the first 3 years of life. Because the fetal hypothalamo-pituitaryadrenal (HPA) axis plays a central role in balancing perinatal growth and differentiation in the second half of pregnancy, 33 we also measured plasma adrenocorticotropin (ACTH) in fetuses and cortisol levels in fetuses and juveniles.
| MATERIALS AND METHODS

| Humane care guidelines
All procedures were approved by the Texas Biomedical Research
Institute Institutional Animal Care and Use Committee and conducted in AAALAC-approved facilities. 34 
| Animal management and housing
Baboons were housed in group cages with normal physical and social interaction and allowing control and monitoring of food intake ( Figure 1 ). 34 We recruited 156 non-pregnant female baboons and housed up to 16 per cage ( Figure 1 ) with a male in custom-built group housing with full socialization, environmental enrichment, and physical activity at Southwest National Primate Research Center (SNPRC) under optimum conditions supervized by SNPRC veterinarians.
Details of housing and breeding have been described previously. 34, 35 After confirmation of pregnancy at 0.16 gestation, mothers were randomly assigned to the control group (CTR) or the MNR group. 
P=.10).
In subgroups of pregnant baboons, C-sections were performed 35, 36 at the following percentages of gestation (term 180-185 days): 50% 
| Morphometrics
Offspring of CTR and MNR mothers were weighed and body dimensions measured at C-section, birth, and at 0. F I G U R E 1 (A) Outdoor group housing allowing normal social interaction and feeding. Insets show individual feeding cages within the facility into which the animals are run to control quantity and quality of feed available to each animal; (B) Group housing cage with structural enrichment; (C) Floor plan of the holding cages, chutes, scale, and individual feeding cages; (D) Individual feeding cages and scale
| Validation study to demonstrate that ACTH and cortisol do not rise within 10 minutes of ketamine tranquilization
To ensure that plasma ACTH and cortisol levels were not subject to 
| Blood sampling
Blood samples were taken at birth and at 0. 
| Statistical analyses
Linear regression was used to provide correlation and hence potential evidence of causative effects during pregnancy of the variables maternal gestational weight gain, fetal weight, and placenta weight. All morphometric measurements and blood values were compared between CTR and IUGR at each time point using unpaired t tests. One-way ANOVA with Tukey's multiple comparison tests were used to compare cortisol and ACTH levels of controls at different points during gestation. Data are presented as mean±standard error of the mean (SEM). 
| RESULTS
| Relationships between maternal gestational weight gain, fetal weight, and placenta weight
| Fetal morphometrics
Mean body weights of IUGR fetuses were lower than CTR in both males (Table 2A) and females (Table 2B ) at every stage of gestation.
However, the difference in body weight between IUGR and CTR only approached or reached statistical significance in males at 75%, 90%, and 100% of gestation. Other morphometric measurements tended to be smaller in IUGR than CTR. In males, IUGR had smaller chest and head circumferences at 90%G (Table 2A) ; in females, IUGR body length was shorter at 65%G (Table 2B) .
T A B L E 1 Morphometric measurement methods
Measurement Method
Body length (cm) Largest protrusion of the coccyx to the heel of the right foot, added to crown-rump length 
| Fetal ACTH and cortisol
Values for fetal ACTH and cortisol in CTR animals were distinct at different points in gestation ( Figure 4 ). In CTR animals, ACTH was similar from 0.5G to 0.65G, increased from 0.65G to 0.9G, and was similar between 0.9 and 0.95G. Cortisol was also similar from 0.5G to 0.65G, and then increased at both 0.9G and 0.95G.
Compared to CTR, IUGR showed higher ACTH at 0.65G, and higher cortisol at 0.9G ( Figure 5 ).
| Maternal cortisol
There were no changes in maternal cortisol over the period studied and no differences between mothers of CTR and IUGR fetuses ( Figure 6 ).
| Postnatal morphometrics
Mean body weight values were numerically lower for IUGR than CTR in both males (Table 3A) and females ( IUGR males were smaller than CTR males at birth in abdominal size;
at 0.5 months in chest size; at 2 months in body length, crown-rump length, and BMI; at 3 months in crown-rump length; at 6 months in BMI and sizes of the head, chest, and hips; and at 30 months in body length and crown-rump length (Table 3A) . IUGR females were smaller than CTR females at birth in abdominal and hip size; at 0.5 months in BMI; at 1 months in BMI and abdominal distance; at 2 months in head and chest size; at 3 months in BMI and sizes of the chest, abdomen, and hips; at 6 months in BMI, and sizes of the chest, abdomen, and hips; at 9 months in body length, crown-rump length, and sizes of the head, chest, and hips; at 12 months in body length and sizes of the chest and hips (Table 3B ). After age 12 months, IUGR and CTR female morphometrics were similar (Table 3B) . During the first year of life, growth appeared to be asymmetric in female offspring, as seen in the significantly different head to abdominal circumference ratios ( Figure 7 ).
| Postnatal cortisol
There were no differences between males and females so cortisol data were pooled. Cortisol was not different between CTR and IUGR at postnatal months 1, 2, 3, 6, 12, 18, 24, 30, or 36 ( Figure 8A ). In both IUGR and CTR, cortisol values were higher after weaning ( Figure 8B ).
| DISCUSSION
Around 4%-8% of human infants in the developed world are small for gestational age. 42, 43 Among the unwanted consequences are predispositions to chronic conditions that decrease life span and impair the quality of life, such as hypertension, stroke, and adult onset diabetes. [43] [44] [45] [46] There are many causes of IUGR, including maternal nutritional deficiency, placental insufficiency, maternal disease (e.g., hypertension and renal disease), and tobacco, alcohol, and recreational drug use. 43 The concept of developmental programming came to the fore in the 1990s. The morphometric data presented in this paper demonstrate that in our baboon model of IUGR, males and females are smaller than CTR at a variety of fetal and postnatal ages, in several dimensions. The difference in postnatal body weight is particularly pronounced. From birth through 1 year of age, male and female IUGR were lighter than CTR.
By 18 months of age, the IUGR animals of both sexes had caught up, and body weight was similar between IUGR and CTR at older ages. As offspring were self-weaned at around 9 months of age and had free access to food thereafter, it seems likely their growth accelerated due to improved resource access after weaning. Catch-up growth after IUGR is a strong risk factor for later life type 2 diabetes, hypertension, obesity, osteoporosis, and cardiovascular disease (reviewed in ref. [44] [45] [46] .
Postnatal body size and growth in the IUGR offspring were asymmetric. Asymmetrically small offspring are those in which weight is reduced proportionally more than length (i.e., reduced weight but normal length for gestational age). 43 IUGR offspring showed reduced weight at most ages of investigation, but not reduced body length compared to CTR. Additionally, there was a difference between IUGR and CTR in head/abdominal ratio at birth, with male IUGR showing reduced ratio compared to CTR, and female IUGR showing increased ratio compared to CTR. In females, this difference persisted until 6 months of age. The symmetry or asymmetry of individual IUGR offspring is a reflection of timing of the challenge to growth and development. 43 Symmetric IUGR tends to occur when the challenge comes early in gestation because the fetus responds with decreased cell number and cell size, resulting in overall small body size. In asymmetric IUGR, challenge to growth late in gestation leads to normal cell number but decreased cell size. 43 Risk of morbidity and mortality is higher in symmetric IUGR due to the increased incidence of congenital abnormalities, 43 but both types are subject to increased risk compared to offspring of normal size. [43] [44] [45] [46] In this study, MNR began at 0.16 gestation. Mothers had free access to food and were of normal weight and good health prior to pregnancy. As a result, they were able to sustain normal growth and development in the early stages of pregnancy, but as their nutrient status declined, so did nutritional support for their fetuses. 43 Figure 6 shows the stress of this level of MNR did not lead to increased maternal cortisol levels during pregnancy; therefore, maternal cortisol was unlikely to be the cause of the rise in fetal cortisol in the IUGR fetuses.
Cortisol and ACTH are controlled by the HPA axis, which regulates the stress response. The HPA axis is extremely sensitive to environmental perturbations. 69 When the brain perceives stressors, the T A B L E 3 (Continued)
hypothalamus releases corticotropin-releasing hormone and arginine vasopressin, prompting release of ACTH, which stimulates adrenal glucocorticoid secretion. Fetal adrenal function is relatively unresponsive to ACTH until late gestation when it increases dramatically. 70, 71 This is shown clearly in this study by comparing the changes in ACTH and cortisol between 0.65-0.9G and 0.9-0.95G. In CTR fetal baboons, ACTH increased 228% between 0.65G and 0.9G, while cortisol only increased by 48% (Figure 4 ). Between 0.9G and 0.95G, mean ACTH remained statistically similar, while mean cortisol rose significantly by 46% ( Figure 4) . ACTH was higher in IUGR than CTR at 0.65G, and fetal cortisol was higher in IUGR than CTR at 0.9G ( Figure 5 ). These data suggest that the stress of maternal, and consequently fetal, nutrient reduction prematurely activates the HPA axis in the IUGR fetuses. The normal increase in cortisol in the late stages of gestation plays a central role in preparing the fetus for birth and adaptations needed for an independent extra-uterine existence. 72 Cortisol also increased substantially after weaning. This may arise from the stress associated with weaning, a well-established stressful process for primate mothers and infants. 73 These features of normal baboon hormonal development are important to consider when investigating effects of developmental programming, as they set the normative profile.
Cortisol levels in IUGR and CTR offspring were similar by 1 month of postnatal Iife, indicating removal of some of the potential factors contributing to stress in the IUGR fetuses, even though mothers were still receiving reduced nutrition. Our previous report from immunohistochemical studies in this baboon model of IUGR showed upregulation of the HPA axis at the hypothalamic level. 74 The altered function observed in the IUGR baboons implies overexposure during critical developmental windows to glucocorticoid levels inappropriate for the current stage of development.
These changes have implications for development of multiple organ systems. As mentioned above, in late gestation, cortisol plays a vital role in preparing the fetus for extra-uterine life. 72 with maturational effects on major organs, including the thyroid, lungs, intestines, liver, kidney, and brain that favor cellular differentiation over proliferation. 72 We have reported impaired fetal neurodevelopment, 13, 20, 74 altered behavior, [26] [27] [28] increased insulin resistance, 32 and accelerated aging of heart function in IUGR offspring. [29] [30] [31] These various studies show that challenges to the normal developmental trajectory of the fetus have both immediate and long-term consequences in the same critical organs whose development is shaped by perinatal cortisol.
In summary, the IUGR baboon cohort described in this study was exposed to a moderate level of MNR (30%) during fetal and neonatal life until weaned. Even at this moderate level, numerous changes to pre-and postnatal offspring phenotype were observed. Our findings will focus attention on critical periods of development and potential involvement of the HPA axis. IUGR is a persistent problem for humans, and studies with NHP are necessary to determine the origins and outcomes of IUGR.
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